Energy levels, wavelengths, lifetimes and hyperfine structure constants for the isotopes of the first and second spectra of radium, Ra I and Ra II have been compiled. Wavelengths and wave numbers are tabulated for 226 Ra and for other Ra isotopes. Isotope shifts and hyperfine structure constants of even and odd-A isotopes of neutral radium atom and singly ionized radium are included. Experimental lifetimes of the states for both neutral and ionic Ra are also added, where available. The information is beneficial for present and future experiments aimed at different physics motivations using neutral Ra and singly ionized Ra.
I. INTRODUCTION
Radium (Ra), a radioactive element was discovered by P. Curie, M. Curie and G. Bemont in the year 1898
1 . It was extracted by chemical means from pitchblende or uraninite. About one gram (1g) of radium is present in 7 tons of pitchblende. The activity of 1g of 226 Ra was defined later as the unit of radioactivity, Curie, Ci (1 Ci = 3.7 × 10 10 disintegrations per second (dis/s)). The term radioactivity was introduced by Mme. Marie Curie. Ritz in 1908 classified two series of lines of neutral radium, Ra I 2 . In 1911, radium was isolated by Mme. Curie and Debierne, who found it to be a brilliant white solid 3 . Some energy levels and line classifications of Ra I were given by Fues in 1920 4 . In 1922, Fowler gave classifications of some series of lines in both Ra I and singly ionized radium, Ra II 5 . In 1933-34, Rasmussen first measured the energy levels of singly ionized radium (Ra II) 6 using arc discharge and of neutral radium (Ra I) 7 using 2 mg of radiumchloride (RaCl 2 ) in a discharge lamp and monochromator for determining the wavelengths. Some of the transition terms of neutral radium measured by Rasmussen were corrected by H. N. Russell 8 . The first compilation of energy levels for neutral and singly ionized radium was published by Moore in 1958 in Atomic Energy Levels (AEL) 9 . After that, no updates were made to reference data on neutral and singly ionized Ra. With the advent of accelerator facilities, modern experimental methods to produce radium isotopes and to probe the atomic structure, more information is available on these spectra in the literature. At this juncture, we realized the need to update the information available on Ra atom and Ra ion and gathered it, which might be beneficial for various experiments that are in progress [10] [11] [12] [13] [14] and for the future experiments 15, 16 with different physics motivations and for various fields of research. a) dammalapati.umakanth.a8@tohoku.ac.jp; Present address: Cyclotron and Radioisotope Center (CYRIC), Tohoku University, 6-3 Aramaki-aza Aoba, Aoba-ku, Miyagi 980-8578, Japan b) l.willmann@rug.nl About forty six years after Rasmussen's measurement of energy levels and wavelengths in Ra ion and Ra atom, furnace-absorption measurements of energy levels of the 7snp 1 P 0 1 (n = 13 − 52) series of neutral radium in the ultraviolet region were reported by Armstrong et al. 17, 18 . From the experimental results and applying the multichannel quantum defect theory (MQDT), values for 7snp (n = 9−12) levels were semi-empirically determined. The reported uncertainty was 0.006 cm −1 for wavenumbers and 0.001Å for wavelengths.
The first systematic measurements on a series of neutral and singly ionized radium isotopes employing the technique of collinear laser spectroscopy were conducted by the ISOLDE collaboration at CERN, Geneva [19] [20] [21] [22] [23] . Radium isotopes were produced by impinging protons of energy 600 MeV on a UC 2 cloth target. These studies established nuclear spins and obtained nuclear moments from the measured hyperfine structure and isotope shifts.
In the last decade, there has been renewed interest in radium element (radium atom as well as ion) from both theoretical and experimental physicists. From theoretical calculations, radium atom is proposed as a promising candidate for searches of a permanent electric dipole moment in an atomic system [24] [25] [26] [27] [28] [29] [30] . The reasons are: large polarizability due to the near degeneracy of the opposite parity 7s7p 3 P 0 1 and 7s6d 3 D 2 levels; some isotopes of radium have nuclear octupole deformation; and high atomic number (Z = 88). Singly ionized radium ion is proposed as a promising candidate for atomic parity violation experiments and as an atomic clock [31] [32] [33] . In this context, short lived radioactive isotopes were produced at the TRIµP facility, University of Groningen, The Netherlands 34 . Radium isotopes were produced by the method of inverse reaction kinematics using 206, 204 Pb beams hitting a rotating carbon target 35, 36 . Precision laser spectroscopy of radium ions was performed in a radio frequency quadrupole (RFQ) trap 13, [37] [38] [39] . At the University of Groningen, The Netherlands, with 229 Th (10 µCi) placed in an oven, 225 Ra neutral atomic beam was produced. Employing this thermal beam of Ra atoms, the absolute frequency of the strong electric dipole 7s 14 . In this compilation, energy levels, wavelengths, wave numbers, transition probabilities, lifetimes and other spectral data have been reviewed. The most accurate information has been assembled from the available experimental and theoretical data and is presented in Tables I -XVI. The uncertainty of each value, as given by the original authors, is indicated in the tables. In the line tables (Tables III and X . The wave number of each transition is given in reciprocal centimeters and its uncertainty is also given wherever applicable. The lower and upper level columns indicate the classification given for the transition. The Ritz wavelengths and their uncertainties calculated using the level optimization code, LOPT 44 are also given. The calculated transition probabilities (A ik ) are given in units of inverse seconds. Their accuracy range is also given in a separate column. For singly ionized Ra uncertainty is given for theoretical transition rates by Sahoo et al.
32 (Table X ). The energy level tables (Tables II and IX) contain the configuration, term, and J values of each energy level, using LS coupling to describe the configurations. In addition to that, energy uncertainty, energy level values and their uncertainty from the LOPT code are also given. For visual clarity, only the first member of the term has the configuration written out similar to the notation used by Curry 45 . The level value and its uncertainty are given in reciprocal centimeters.
Ionization energies are given in units of cm −1 and electronvolts (eV). Conversion factor from cm eV. The reciprocal centimeter is related to the SI unit for energy, the joule, in the following way: 1 cm −1 is equivalent to 1.986445824(24) × 10 −23 J 46 . The hyperfine structure constants (HFS) and isotope shifts are given in Tables V-VIII, XIII-XV in units of megahertz (MHz) with the uncertainty in the last digit given in parentheses following the value. All uncertainties given in this paper are on the level of one standard deviation. The hyperfine splitting constant, A, is the magnetic dipole coefficient, whereas B is the electric quadrupole coefficient. The references for energy levels and hyperfine structure splitting and isotope shifts are given to the source of the energy level value and hyperfine splitting constants, respectively.
II. RA I
In Table I , radium isotopes, atomic weights, half-lives, nuclear spins, nuclear magnetic moments and electric quadrupole moments are given. Up to now 35 radium isotopes have been discovered excluding the isomers of 203m,205m,207m,213m Ra isotopes. . Because of the discrepancies between the observed spectra and the contradicting interpretations of configuration terms of some energy levels and deviations from the theoretical calculations in Ra I more experimental data is required.
In Table III the intensity, observed wavelengths in air, uncertainty in observed wavelengths, observed wavenumbers, lower and upper levels, classifications, Ritz wavelengths obtained with the LOPT code, uncertainties in Ritz wavelengths and transition probabilities are given. The Ritz wavelengths are not given for lines that alone determine one of the levels involved in the transition.
Some of the observed wavenumbers given in column 4 differ from the wavenumbers given in the original work of Rasmussen 7 and Armstrong et al. 17 . The difference from the original values and the present reported values is due to the conversion formulas used by Rasmussen and Armstrong et al. for arriving at the wavenumbers from the measured wavelengths. Here we have used the widely accepted formula of Peck and Reeder 43 to arrive at the wavenumbers. The first reference (Column 7) corresponds to the transitions/lines and the second reference (Column 11) to transition probabilities. We have given theoretical transition rates for some of the transitions in Ra atom calculated by Dzuba and Flambaum 53 and one value from the experiment 41 . In column 4 of Table III , we have given wavenumbers for the transitions from the measurements of Rasmussen 7 and from Russell 8 . Ab-sorption measurements from Armstrong et al. 17 have no information on the intensity of the observed lines. Their wavenumbers and air wavelengths with uncertainties are also given. For the 7s 2 1 S 0 -7s7p 3,1 P 0 1 transitions two line references are given; the first one for the intensity and the second one for the wavenumber. The wavenumber and the air wavelength of the 7s6d 3 D 1 -7s7p 3 P 0 1 transition measured by the ANL group is also given. The measured value is 6999.84 cm −1 with an uncertainty of 0.02 cm −1 . In columns 8 and 9, Ritz wavelengths and their uncertainties are given. These are obtained from the calculations using the LOPT code of National Institute of Standards and Technology (NIST), USA.
Theoretically calculated lifetimes and transition rates for some of the energy levels in neutral Ra have been previously reported 26, 53, 54 . However, only three experimental lifetimes of states in neutral Ra atom are available and they are given in Table IV .
In Table V , isotope shifts in frequency for the 7s 2 1 S 0 -7s7p 1 P 1 electric dipole allowed transition of 19 neutral Ra isotopes and hyperfine structure constants A and B of the 7s7p 1 P 1 level for the odd isotopes are given. The isotope shifts are given with respect to the 214 Ra isotope. Given in Table VI are the isotope shifts between eight Ra isotopes for the 7s 2 1 S 0 -7s7p 3 P 1 intercombination (spin-forbidden) transition and the hyperfine structure constants A and B of the 7s7p 3 P 1 level for the odd isotopes. Here again, the isotope shifts are given with respect to the 214 Ra isotope. In Table VII , isotope shifts of seven Ra isotopes for the 7s7p 3 P 2 -7s7d 3 D 3 transition at 644.6 nm and the hyperfine structure constants A and B of the 7s7p 3 P 2 and 7s7d 3 D 3 levels for the odd isotopes are given. The isotope shifts are given with respect to the 214 Ra isotope similar to the other transitions.
In Table VIII 
III. RA II
The first experimental measurements on singly ionized Ra were conducted by Rasmussen in 1933 using an arc discharge as the light source. In total 62 lines were identified, corresponding to 43 energy levels. The energy levels are given in Table IX. In Table IX additional information on energy levels and their uncertainties is also given, which was obtained using the LOPT code 44 . In column 6 energy level values obtained with the LOPT code are given. Two uncertainties for the energy level values estimated by LOPT code are given; uncertainty 1 (Column 7) and uncertainty 2 (Column 8). Uncertainty 1 is the best determined separation from other energy levels and uncertainty 2 is determined for the excitation energy. Further, some of the energy levels given in Moore's compilation 9 are significantly improved by our level optimization, while a few were found to be much less accurate than implied by the number of significant figures given by Moore.
The ionization energy (IE) of Ra II has been redetermined because of the changes in the energy level values of Ra II. The series used to determine the IE is ng 2 G with n = 5 − 11, five members of which (n = 5 − 9) have been determined with uncertainties about 0. In Table X intensity, observed wavelengths of the transitions, uncertainty of the observed wavelengths, observed wavenumbers, uncertainty of the observed wavenumbers, the corresponding lower and upper levels, line reference (Column 8), transition rates, uncertainty of the transition rates and the reference for the transition rates (Column 11) are given. Theoretical estimates of energy levels and dipole matrix elements for singly ionized Ra have been reported 32, 51, 57, 58 . Here we present the transition rates from Sahoo et al. 32 as the uncertainty was given for the calculated values. In the intensity (Column 1), 'p' means 'perturbed by'. The corresponding perturbing species are given in parentheses. In the line reference (Column 8) '6' corresponds to the reference for the transition/line and the letters; HQ -Hilger Quartz, Q -Quartz prism, P -Glass prism and G -Grating (used in the red region) are the letter codes for the spectrometer used in the measurement. The Ritz wavelengths and their uncertainties for Ra II are given in Table XI . These values were calculated with the LOPT code 44 . For wavelengths less than 2000Å vacuum wavelengths are given and for wavelengths greater than 2000Å air wavelengths are given. The uncertainty of the given wavelengths mentioned in Ref. 6 is 0.1Å to 0.02Å between 3600 to 7000Å and 0.1Å between 1880 and 2200Å 44 . In the red and near-infrared wavelength regions, i.e. 7000Å to 10000Å the uncertainty is 0.01Å. Some of the observed wavenumbers given in column 4 differ from the wavenumbers given in the original work of Rasmussen 6 . The difference from the original values and the present reported values is due to the conversion formula used by Rasmussen for arriving at the wavenumbers from the measured wavelengths. Here we have used the three-term formula of Peck and Reeder 43 to arrive at the wavenumbers. In Table XII 2 P 3/2 state, 3 magnetic dipole constants and 2 electric quadrupole constants measured by the ISOLDE group are given. The uncertainties are given in parentheses. The isotope shifts are given with respect to the 214 Ra isotope, which has a zero nuclear spin.
In Table XIV 
